Abstract: The popularity of grain amaranth and quinoa is growing in Ontario, increasing the interest in their cultivation. Two experiments were conducted in southern Ontario in 2013 and 2014 to evaluate optimal planting date (every two weeks from early May to late July), row width (38 or 75 cm), and critical weed-free period (the component of the critical period of weed control that defines the number of days that the crop must remain weed-free to prevent yield loss) in each crop. Grain amaranth and quinoa both reached physiological maturity and produced yields when planting dates ranged from mid-May to late-June. When either crop was seeded in July, yields decreased by more than 50% and the crop did not always reach maturity before the first frost. While row width did not have an impact on yield, it is advisable to grow the crops in wider rows (75 cm) to facilitate weed control early in the growing season (up to 30 d after emergence (DAE)). The critical weed-free period was 24 and 16 DAE for grain amaranth and quinoa, respectively, after which yields were maintained at 95% of the weed-free control. Based on these data, both crops could easily be integrated into the normal cropping rotations found in southern Ontario.
Introduction
Grain amaranth (Amaranthus hypochondriacus L., A. cruentus, and A. caudatus) and quinoa (Chenopodium quinoa Willd.) have garnered much attention because of their high protein content and gluten free profile in comparison to other grains (Kauffman and Weber 1990; Jacobsen 2003) . Grain amaranth cultivars are native to Mexico and Guatemala (Kauffman and Weber 1990; Henderson et al. 2000) , and quinoa is native to the high altitude regions of Central and South America (Jacobsen 2003) . Currently, it is in these regions that the majority of grain amaranth and quinoa cultivation is still located. Several studies have demonstrated that successful cultivation is possible in temperate and high altitude regions of Africa, China, and the Northern Great Plains of the U.S. for grain amaranth (Kauffman and Weber 1990; Henderson et al. 2000) , and in Europe (Risi and Galwey 1991; Galwey 1993; Jacobsen et al. 1994; Bertero and Ruiz 2008) for quinoa. Therefore, there is good potential for cultivation of both crops in regions of North America such as the north-western U.S., western Canada, and Ontario.
Grain amaranth is a C4 plant that is well adapted to a wide range of environmental conditions, such as drought, salinity, and high temperatures (Kauffman and Weber 1990) . Angus et al. (1982) demonstrated that grain amaranth was sensitive to photoperiod length prior to anthesis and classified it as having a strong short day response. Their study concluded that when grown at 20°C and exposed to a 12 h photoperiod, grain amaranth could mature in less than 70 d. In Slovenia, Bavec and Mlaker (2002) had highest yields when grain amaranth was sown in May at soil temperatures of >12°C, and a photoperiod of at least 14 hours. On average, soil temperatures at seeding should be at least 15°C to ensure consistent seed germination and seedling emergence (Webb et al. 1987; Aufhammer et al. 1998 ). In the U.S., grain amaranth was precision seeded at 300 000 plants ha
and performed best when planted in wider rows so that weeds could be controlled using cultivation (Kauffman and Weber 1990) . Grain amaranth can be cultivated on poor nutrient soils, and some studies have shown that there is no yield advantage when nitrogen is added at rates >100 kg ha −1 (Kauffman and Weber 1990; Pospišil et al. 2006) , while others have shown that grain amaranth yield responds to N application at rates of up to 180 kg ha −1 (Elberhi et al. 1993 ). Quinoa is a C3 plant and is well adapted to the adverse conditions of the Andean highlands, has very high drought and frost resistance, and is tolerant to salinity (Jacobsen 2003) . Its adoption in northern latitudes such as Canada may be limited by its sensitivity to photoperiod. Quinoa has shown the ability to flower under a wide range of photoperiods; however, it most often responds as a quantitative short day species (Risi and Galwey 1984) . Therefore, in Ontario, quinoa's average time to anthesis and maturity may be sensitive to seeding date. Additionally, studies have shown that high temperatures during grain filling have a negative impact on yield, especially under longer photoperiods (Bertero et al. 1999b) . Seeding is optimal at temperatures ranging between 8°C and 10°C (Jacobsen 2003) . Row widths of 25 to 50 cm have been recommended so that mechanical weed control can be performed (Jacobsen 2003) ; however, Risi and Galwey (1991) suggested more stunting, branching, and an earlier maturity date as plant density increased (up to 30 kg seed ha −1 ) or row width was narrowed (40 cm).
In Ontario, grain amaranth is closely related to several weedy Amaranthus species: Amaranthus retroflexus, Amaranthus powellii, Amaranthus hybridus, and others. Similarly, quinoa is closely related to Chenopodium album. Currently, there are no herbicides registered in Canada for either crop, meaning that it will be especially difficult to selectively control the weedy ancestors as well as other weed species. Integrated weed management strategies will be essential for weed control in each crop and may comprise a combination of several concepts and methods, one of which is to better understand the critical period of weed control (Nieto et al. 1968; Swanton and Weise 1991) . The critical period of weed control is defined as the time interval when it is essential to maintain a weed-free environment to prevent yield loss. The critical period of weed control has two components: (i) the critical timing of weed removal, and (ii) the critical weed-free period (Knezevic et al. 2002) . The first component defines when weed control should begin and the second component defines the end of the critical period (i.e., the number of days that the crop must be kept weed-free) (Knezevic et al. 2002) . The second component is the most important component for crops such as amaranth and quinoa that are not competitive with weeds as soon as the crop emerges. Currently, no studies have described the critical weed-free period for grain amaranth or quinoa.
Both crops have garnered interest from industry and growers for potential cultivation in Ontario; however, the influence of environment and agronomic practices of the region on yield must be better understood. Additionally, an effective weed management system must be developed, especially because close ancestry to weedy relatives (i.e., Amaranthus spp. and C. album) will make selective weed management difficult. Therefore, a better understanding of the agronomy and critical weed-free period for each crop under Ontario conditions must be established so that effective integrated weed management solutions can be developed (Swanton and Weise 1991) . The objectives of this research were to (i) determine the optimal planting date and row width that maximizes yield; and (ii) determine the critical period of weed control in each crop so that better weed management recommendations may be developed for Ontario growers.
Materials and Methods
Two experiments utilizing commercially obtained seed of grain amaranth (cv. Burgundy) and quinoa (cv. Brightest Brilliant) were conducted at the Greenhouse and Processing Crops Research Centre, Agriculture and Agri-Food Canada, Harrow, Ontario in 2013 and were repeated in 2014.
Experiment 1: determining optimal row width and planting date
The soil for these trials was a Fox sandy loam with 71% sand, 19% silt, 10% clay, 1.9% OM, and a pH of 6.8. The trials were organized as a split plot, randomized complete block design and were separated by crop. The main plot was row width (38 cm, and 75 cm), and the sub plot was planting date (early May, mid-May, early June, mid-June, early July, mid-July). Each trial had 4 replicate blocks. The crop planting dates were 14 May, 4 June, 20 June, 15 July, and 30 July in 2013. The second planting date in mid-May was eliminated due to excessive precipitation during the scheduled week of planting (Table 1) . In 2014 the planting dates were 23 May, 6 June, 23 June, and 7 July. The first planting date in early May and the final planting date in mid-July were both eliminated due to excessive precipitation during the scheduled week of planting (Table 1 ). The intention was to separate crop planting dates by at least 2 weeks.
In May of each year, prior to planting, the trial was fertilized with organic compost (6.7 t ha −1 ), and organic fertilizer 7-4-2, N-P-K (336 kg ha −1 ). Both crops were seeded at a 1 cm depth and at approximately 3 33 000 seeds ha −1 in 38 or 75 cm rows. Treatment plots were 1.75 m wide by 6 m long for the 38 cm rows and 2.25 m wide and 6 m long for the 75 cm rows. Because there are currently no herbicides registered in Canada for either crop, the trial was organically maintained and kept weed-free utilizing inter-row cultivation and hand-weeding. At maturity, crop plants from each plot were cut at the soil surface, placed into paper bags and placed into a crop drier at 55°C. The plants were dried to a constant weight and then processed for seed yield using a plot combine.
Experiment 2: determining the critical weed-free period
The soil for these trials was a Harrow loamy sand with 82% sand, 14% silt, 4% clay, 1.1% OM, and a pH of 6.5. The trials were organized as a randomized complete block design with 4 replicate blocks and were separated by crop. There were five treatments: (i) weedy control (season long); (ii) weed-free for 7 d after emergence (DAE) and then weedy until harvest; (iii) weed-free for 14 DAE and then weedy; (iv) weed-free for 28 DAE and then weedy; and (v) weed-free control (season long). Weed-free periods for each treatment were maintained by handweeding.
In May of each year, prior to planting, the trials were fertilized with organic compost (6.7 t ha −1 ), and organic At 56 DAE, percentage weed cover was evaluated, by species, in each plot and weed individuals from two 1 m 2 quadrats within each plot, were separated by species and assessed for height and biomass. Weed individuals were removed from the plot for biomass by cutting the plant at the soil surface, were placed into paper bags and dried to a constant weight at 55°C. At maturity, crop plants from the center row within each plot were removed by hand, bagged, and placed into a crop drier at 55°C. The plants were dried to a constant weight and then processed for seed yield using a plot combine.
Statistical analysis
Normality and heterogeneity of variance of data for both experiments were assessed using PROC UNIVARIATE in SAS. Transformation did not improve normality and heterogeneity of variance for either data set, therefore data analysis was performed on the untransformed data. Data from each experiment were subjected to ANOVA using PROC MIXED in SAS. For experiment 1, planting date, row width, and their interaction were set as fixed effects and block, year, and the interaction of year by fixed effects were set as random effects. For experiment 2, weed removal period was set as a fixed effect and block, year, and the interaction of year by weed removal period were set as random effects. The Z-value for the interaction of year by fixed effects for each experiment was >0.05 and therefore data were not analyzed separately by year. Relative crop yield in experiment 2 was then regressed against weed removal time using a Gompertz model:
where Y is the relative crop yield (% of weed-free control), A is the upper asymptote of crop yield, B is a constant Y that determines the length of the lag phase, K is a constant that determines the rate of yield increase, and T is length of weed removal in days after crop emergence (DAE). The Gompertz equation and the estimated parameters were used to calculate the critical period which was defined as the number of days after crop emergence that the crop must be maintained weed-free to prevent yield loss of more than 5% of the weed-free control.
Results and Discussion
There were no interactions among the main effects (row width and planting date) (p > 0.05) for either crop.
Row width had no influence on grain amaranth or quinoa yield (p > 0.05); however, yield of both crops decreased with delayed planting date (p < 0.05) (Fig. 1) . For example, grain amaranth yields in mid-and lateJuly were 50% and 75% lower than any yields in the May and June treatments, respectively (Fig. 1a) . Similarly, quinoa yields decreased by as much as 50% when planting date was delayed from May until late-June (Fig. 1b) . Overall, average grain amaranth yields ranged from 0.3 to 2.1 t ha −1 , which is similar to yields reported from trials in other temperate regions (Gimplinger et al. 2007) , and fell within the range of yields (0.1 to 6 t ha −1 ) reported by Kauffman and Weber (1990) from several studies over a range of environments. However, quinoa yields in this experiment were lower than expected and ranged from 0.3 to 0.6 t ha −1 . Wind storms in August (both years) increased plant lodging across all treatments and may have contributed to reduced quinoa yields in this experiment. This conclusion is supported by the fact that yields from experiment 2 were 2-fold higher in a field that was buffered from the wind. Grain amaranth was more robust than quinoa and little lodging was observed.
Grain amaranth and quinoa have both been described as a quantitative short-day species (Jacobsen 2003; Gimplinger et al. 2007) , meaning that they can flower under longer photoperiods, but begin to flower quicker when exposed to shorter photoperiods. The same photoperiod response is described for A. retroflexus, a close weedy relative to grain amaranth (Huang et al. 2000) . Risi and Galwey (1984) further suggested that the photoperiod response of quinoa is linked to temperature, latitude, and altitude of origin. Bertero et al. (1999b) reported that the highest yield losses were seen when long photoperiods were combined with high temperatures. Average daily temperature and maximum daily temperature at Harrow increased by up to 7°C between May and July planting dates (Table 1) ; however, they are consistent with average daily temperatures found in the country of origin for our quinoa cultivar. The quinoa cultivar used in this study is of south Chilean origin and is known to have less sensitivity to photoperiod when initiating anthesis and grain filling (Jacobsen 2003 ). It's latitude of origin is also similar to that found at Harrow, ON, Canada (~42°N). Therefore, it is unlikely that our observed response to planting date was entirely dependent on photoperiod and temperature. A range of 90 to 120 d are required for this cultivar to reach physiological maturity and it is likely that a combination of slower flowering in the July treatments and a killing frost prior to physiological maturity contributed to the planting date effect. The average date of the first killing frost (low temperature conditions that are lethal to plants) at Harrow is 20 October, which is approximately 90 d or less from seeding for the July planting dates.
Row width did not influence yield for either crop providing Ontario growers with seeding flexibility. Depending on weed spectrum and density in the field, either crop may be planted in narrow rows (38 cm) to increase interspecific competitiveness with weeds; however, inter-row cultivation will not be possible after canopy closure. It may be advisable to plant in wider rows (75 cm) to enable easier access with tillage equipment. It is noted in the literature that due to limitations in weed control measures (i.e., herbicides) that the majority of large scale cultivation is currently grown in wider rows (50 to 75 cm) (Jacobsen 2003) . . The weed-free period in both crops was evaluated until 28 DAE. At 28 DAE both crops are at a height and canopy closure where it would not be practical for growers to enter the field with tillage equipment to control weeds in the row-middles. The critical weed-free periods were approximately 24 and 16 d after crop emergence for grain amaranth and quinoa, respectively (Fig. 2) . This translates into approximately 345 and 664 growing degree days (GDD) for each crop, respectively, using a base temperature of 10°C. This suggests that quinoa is better able to compete with weeds early in its growth relative to grain amaranth; although it is possible that the longer critical period in grain amaranth was due to an earlier planting date and higher weed densities. It has been previously shown that critical weed-free period duration is affected by planting date in other crops (Swanton et al. 2010; Williams 2006) .
Seedling emergence for grain amaranth and quinoa was similar and 50% emergence was recorded 4 to 7 d after seeding. The cultivar of grain amaranth used in this study was burgundy in colour, and was easily distinguished from seedlings of weedy Amaranthus spp. It is unclear if hybridization among the crop and weedy relatives is possible; however, crosses between A. hypochondriacus (crop) and A. hybridus (weed) have been made in India (Kauffman and Weber 1990) . Quinoa seedlings at emergence were nearly identical to seedlings of common lambsquarters (C. album). The presence of such closely related weedy relatives in the field means that early season weed control is more challenging and more important because it is difficult to distinguish the crop from the weeds. For organic producers, the main method of weed control will be inter-row tillage. Tillage is effective in each crop until approximately 30 DAE, at which time the crop is too large to get equipment through without causing damage to the crop. In conclusion, grain amaranth and quinoa both reached physiological maturity in southern Ontario and produced optimal yields with planting dates between mid-May to late-June. When either crop was seeded in July, yields decreased by more than 50% and the crop did not reach maturity. While row width did not have an impact on yield, it is advisable to grow the crops in wider rows (75 cm) to facilitate tillage operations early in the growing season (up to 30 DAE). The critical weedfree period was 24 and 16 DAE for grain amaranth and quinoa, respectively, after which yields were maintained at 95% of the weed-free control. Based on these data The interaction between year, and weed-free period was not significant; therefore data were not separated by year. Error bars represent standard errors of the mean. The dotted lines represent the end of the critical period of weed control where a relative yield of 95% of the weed-free control is maintained. Relative yield data were regressed against weed-free period using a Gompertz equation, Y = A exp[−B exp(−KT)]; where Y is relative crop yield (% of weed-free control), A is the upper asymptote of yield, K and B are constants, and T is time in days after crop emergence. The parameter estimates were: (a) a = 98.9, b = 7.0, and k = 1.7, and (b) a = 102.3, b = 7.1, and k = −2.2 for grain amaranth and quinoa, respectively. (i.e., planting date), both crops could easily be integrated into the normal cropping rotations found in southern Ontario. Additionally, the critical weed-free period is less than 30 d for each crop, meaning that tillage is still a viable weed management tool. However, optimal planting date and critical weed-free period is likely to vary by cultivar and country of origin of seed for both species. As part of an integrated weed management approach, future work for Ontario grown grain amaranth and quinoa should focus on selective weed control strategies, such as herbicides, for early season control of weeds such as C. album, A. hybridus, and A. retroflexus.
